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A B S T R A C T
SNPs that are molecularly very close (<10 kb) will generally have extremely low recombination rates,
much less than 104. Multiple haplotypes will often exist because of the history of the origins of the
variants at the different sites, rare recombinants, and the vagaries of random genetic drift and/or
selection. Such multiallelic haplotype loci are potentially important in forensic work for individual
identiﬁcation, for deﬁning ancestry, and for identifying familial relationships. The new DNA sequencing
capabilities currently available make possible continuous runs of a few hundred base pairs so that we can
now determine the allelic combination of multiple SNPs on each chromosome of an individual, i.e., the
phase, for multiple SNPs within a small segment of DNA. Therefore, we have begun to identify regions,
encompassing two to four SNPs with an extent of <200 bp that deﬁne multiallelic haplotype loci. We
have identiﬁed candidate regions and have collected pilot data on many candidate microhaplotype loci.
Here we present 31 microhaplotype loci that have at least three alleles, have high heterozygosity, are
globally informative, and are statistically independent at the population level. This study of
microhaplotype loci (microhaps) provides proof of principle that such markers exist and validates
their usefulness for ancestry inference, lineage–clan–family inference, and individual identiﬁcation. The
true value of microhaplotypes will come with sequencing methods that can establish alleles
unambiguously, including disentangling of mixtures, because a single sequencing run on a single
strand of DNA will encompass all of the SNPs.
 2014 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-
ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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jou r nal h o mep ag e: w ww .e lsev ier . co m / loc ate / fs ig1. Introduction
Two advances in DNA technology require that forensic
practitioners consider single nucleotide polymorphisms (SNPs)
as supplementary to or instead of the current use of short tandem
repeat polymorphisms (STRPs) typed by electrophoretic methods.
One is the chip technology that allows large numbers of SNPs to be
typed rapidly and cheaply. Obviously this technology is poorly
suited for genotyping STRPs. However, panels of SNPs can provide
as much individual uniqueness as the standard CODIS panel of
STRPs [1–3]. Other panels of SNPs provide information on ancestry
of the individual contributing a DNA sample [4–12]. SNP genotypes
at the appropriate loci can also provide information on several
aspects of the phenotype of the DNA source (e.g., [13–16]). The* Corresponding author at: Department of Genetics, Yale University School of
Medicine, 333 Cedar Street, P.O. Box 208005, New Haven, CT 06520-8005, USA.
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nd/3.0/).standard forensic STRPs provide no useful information on ancestry
or phenotype. Haplotyped SNPs allow more efﬁcient inference of
family relationships [17] on a per locus basis because they
constitute multiallelic loci, analogous to the STRPs. Research on
forensic uses of SNPs is ongoing to ﬁnd sets of SNPs excellent for
each purpose and to provide the population databases to allow
accurate statistical interpretation of the results (e.g., [18–20]).
The current state of high throughput DNA sequencing
technology has been referred to as NGS, standing for ‘‘Next
Generation Sequencing’’; today the abbreviation is better thought
of as standing for ‘‘Now Generation Sequencing’’. The speed,
accuracy, and read lengths currently available require that
forensics consider this methodology. All of the types of SNP
panels noted above can be genotyped by sequencing and all types
can be pooled to give a collection of SNPs addressing all major
forensic DNA questions in one laboratory analysis. For many
reasons we believe that focusing on haplotypes is the best
approach to maximizing the information obtained by sequencing.
Haplotype systems based on multiple SNPs that are closely
linked have been advocated in recent years [17,21–23] as thearticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
K.K. Kidd et al. / Forensic Science International: Genetics 12 (2014) 215–224216optimal type of forensically useful DNA marker for family or
lineage inference. They are also very useful in anthropology for
population relationships [17,24,25]. SNPs that are molecularly
very close will have extremely low recombination rates, but can
still deﬁne multiple haplotypes, creating a multi-allelic locus,
with heterozygosity depending on the history of the accumula-
tion of the variants at the different sites, the occurrence
historically of rare crossovers, the vagaries of random genetic
drift, and/or selection. Those DNA sequencing platforms that
provide continuous runs of a hundred base pairs or more on a
single DNA molecule directly determine the phase of the
multiple SNPs within the small DNA segment. The multiple
alleles of these haplotypes can be more informative than
simple two-allele SNPs for many types of forensic analyses:
identifying biological relatives, individual identiﬁcation, and
inferring the ethnicity of an individual’s ancestors. Thus, on a per
locus basis, sequencing of haplotypes of close SNPs can yield
more information than sequencing a single SNP. The question
is whether a sufﬁcient number of appropriate haplotype loci can
be identiﬁed.
The value of a locus for identifying familial relationships, i.e.,
lineage informativeness, is related to the number of alleles in
the relevant population [26]. Multiple alleles make it less likely
two unrelated individuals share both alleles by chance. The
more heterozygous a locus, the greater is the chance that
the relevant alleles are uncommon in general but more likely to
be found among close relatives than among random or unrelated
individuals. More reliable inferences about the degree of
relatedness of two individuals are possible if more markers
are used. In their review, Weir et al. [26] concluded ‘‘It seems
that 50 SNPs are insufﬁcient and that 200 SNPs or more will be
needed to characterize relatedness.’’ For large datasets contain-
ing many hundreds of DNA markers quite sophisticated methods
of inferring familial relationships have been developed [27].
However, smaller numbers of loci can be used if the loci are
sufﬁciently heterozygous with multiple alleles. The standard set
of CODIS STRPs can be quite useful in this regard because of
their multiple alleles but currently they are most reliably
genotyped using capillary electrophoresis (CE) while new
technology argues for DNA sequencing as a general platform
for all forensically relevant markers. Our objective is to
validate the use of sequencing for familial searching (and other
forensic questions) by identifying a large number of SNP-based,
multi-allelic haplotype loci that can be typed by DNA
sequencing. To be appropriate for determining phase by
sequencing, we are currently focusing on microhaplotype loci
(microhaps) with extents of 200 base pairs (bp) or less. The
potential value of microhaplotypes [23,28] and the new
results presented here document our progress to ﬁnd, select,
and validate microhaplotype loci for forensic work.
2. Materials and methods
2.1. Criteria for a microhaplotype locus
A minimum criterion for a microhaplotype locus is at least
three haplotypes (alleles) within a region smaller than 200 bp. We
have arbitrarily used 200 bp as a current upper limit; this is within
the current read length of ‘‘desktop’’ sequencers such as the Ion
Torrent PGM sequencer. Regions with a recombination hot spot
within that 200 bp must be excluded but very rare historical
recombination events will not detract from the general ability to
assume identity by descent within a family. Assuming a genome-
wide average of 1% recombination per megabase and no
recombination hot spots within the locus, an extent of <200 bp
for microhaps is projected to bring the recombination rate downto a value comparable to the mutation rate for single nucleotides
and generally less than the mutation rate for the forensic STR
polymorphisms. Finally, the average microhap heterozygosity
globally should be greater than any of the SNPs alone can achieve.
2.2. Strategy for identifying candidate SNPs for microhaplotypes
Over the past decade we have accumulated SNP genotype
data at multiple genomic regions for 50+ populations. In many
of those regions the SNPs are densely packed with many
SNPs within the targeted expanse. We used these genotypes
already available on our set of 40+ populations as pilot data.
Based on these analyses we then applied an average heterozy-
gosity of >0.4 as an additional criterion when screening the
Human Genome Diversity Project dataset [29] and the HapMap
integrated (phases 1 + 2 + 3) dataset [30] for candidate micro-
haps. These searches identiﬁed many candidate microhap loci;
we have subsequently genotyped a few of the most promising
of these as individual SNPs by TaqMan and statistically
phased the genotype data into haplotypes. Those with the
highest global average heterozygosity have been included in this
study. During the course of our studies Nakahara et al. [28]
presented a set of microhaps identiﬁed and studied in Japanese.
We tested one of them (COG2) and found it met our global
criteria for the current panel; we have not tested the others.
We note that while the ultimate objective is a panel of
microhaplotypes for typing by sequencing, this initial charac-
terization and selection of candidate loci is more efﬁciently
and economically done with individual SNP typings, using
preexisting data and new typings by TaqMan.
2.3. Populations studied
The 54 populations studied, organized by geographical region
of the world, are listed in Supplemental Table S1 along with the
sample size for each and the Sample UID in ALFRED [19] for
additional information. These are the same population samples
used in multiple publications [1,2,6,17,24,31,32]. Collectively,
these populations originate from most major regions of the
world and include a total of 2530 individuals of which 349
constitute about a third of the HGDP panel of around 1000
individuals.
Supplementary Table S1 related to this article can be found, in
the online version, at doi:10.1016/j.fsigen.2014.06.014.
2.4. SNP typing
The DNA used has been extracted from lymphoblastoid cell
lines. All individuals were typed with TaqMan assays from the
Applied Biosystems Assays on Demand catalog. Typing was done in
3 ml reactions in 384-well plates using the manufacturer’s
protocol. Following PCR in separate thermocyclers the plates were
read using an AB7900 and the SDS software. Failed reactions were
repeated once. In general, data were complete for >96% of
individuals for each of the 66 SNPs (on average 98.9% complete).
2.5. Data analyses
Most of the computer programs utilized for our analyses
are those described in an earlier paper on minihaplotypes [17].
We elaborate here on various additions and modiﬁcations.
Haplotype frequency estimation used PHASE [33] version 2.1.1.
The missing typings were included as unknown and full haplotypes
were estimated by PHASE. Even if the SNPs are typed separately,
the genotype at a haplotype can be known unambiguously if
either all SNPs are homozygous or only one is heterozygous based
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possible to compute relative likelihood of the alternative
possibilities when two or more of the SNPs are heterozygous
and the relevant population frequencies are known. Because of the
moderately strong to absolute linkage disequilibrium present
among the SNPs and the small molecular extents of the microhaps,
a substantial number of genotypes involving two or more
heterozygous SNPs can be resolved with near to complete certainty
– the haplotypes that would be required for an alternative
genotype were absent. When there are only a few haplotypes at a
locus, the proportion of resolvable genotypes can be very high.
That is the case for the loci we are analyzing in this study. Thus, we
consider the haplotype estimates to be highly accurate. Analyses
requiring the genotypes of the microhaps included the genotypes
estimated from PHASE. Of course, when sequencing is used with
single-strand reads across the entire locus, this issue is moot.
Hardy–Weinberg ratios were tested in each population studied
for all the SNPs deﬁning the microhap candidates. Out of over 3000
tests of H–W ratios, none was signiﬁcant with a simple Bonferroni
correction. Because that correction is overly conservative, we
examined the uncorrected signiﬁcant results. Tests nominally
signiﬁcant at the 0.001 level were in slight excess (15 observed
compared to 3 expected). These occurred in several different
populations for different SNPs and showed no detectable pattern,
consistent with the many previous studies of these population
samples noted above.
3. Results
We identiﬁed many candidate microhaps by our database
screenings [23]. We have now evaluated many of the candidatesFig. 1. Average heterozygosity and Fst values for 31 independent microhaplotypes in 54 p
descriptions in Table 1; loci are ordered here by average heterozygosity. The full distrsystematically on over 2500 individuals from 54 populations. On
this larger set of individuals/populations many of the candidate
microhaplotype loci failed to meet our minimum criteria, e.g., the
global average heterozygosity fell below 0.4 or most populations
had only two haplotypes. When two microhaps were sufﬁciently
close to show signiﬁcant linkage disequilibrium in several
populations, we eliminated the one with lower heterozygosity.
Out of over 50 candidate loci evaluated on these 54 populations we
selected 31 loci as our pilot microhap panel (Table 1). The panel
consists of 27 2-SNP and four 3-SNP microhaps comprised of 66
different SNPs spread across 17 human autosomes. Two key
characteristics (average heterozygosity and Fst value) of these
microhaps are illustrated in Fig. 1 with the microhaps ranked by
global average heterozygosity. The range of heterozygosities
among the 1674 values (54 populations times 31 microhaps)
has a range from 0.0 (ﬁve instances) to 0.76 with the mode in the
0.6–0.65 interval (Supplemental Fig. S1).
Supplementary Fig. S1 related to this article can be found, in the
online version, at doi:10.1016/j.fsigen.2014.06.014.
We selected loci that have multiple alleles in most to all of the
54 populations and are independent at the population level, i.e.,
that are on separate chromosomes or sufﬁciently far apart on the
same chromosome to show minimal linkage disequilibrium. When
two syntenic candidate microhaps were sufﬁciently close to show
signiﬁcant LD in several populations, we selected the locus with
higher average heterozygosity in more or all of the eight major
geographical regions into which the populations cluster (see Table
S1). Our development of this panel has been undertaken to
demonstrate that such a SNP-based resource can be developed
and be of value in lineage/familial identiﬁcation. By the very
nature of these 31 multiallelic loci that we have documented,opulations. The loci are labeled by gene name and chromosome number referring to
ibution of heterozygosities is given in Supplemental Fig. S1.
Table 1
Deﬁnition of the 31 microhaplotype loci listed in genomic order. The SNPs, their positions, distances, and the numbers of alleles at each are given. Numbers of alleles are
presented as two numbers, common (average frequency >10%) and total observed. While some loci showed only two common alleles by this deﬁnition, at least one additional
allele reached frequencies of >10% in several populations.
Nearest genes or other symbol Number of hap alleles rs-Number dbSNP Chr Build 37 nucleotide position Extent of microhap
in base pairs
>10% freq avg 54 pops Observed
CEP104 4 4 rs4648344 1 3,743,132 188
rs6663840 1 3,743,319
USH2A ESRRG 4 4 rs4528199 1 214,634,428 18
rs6604596 1 214,634,445
COG2 4 8 rs2296796 1 230,820,578 53
rs2296797 1 230,820,605
rs2296798 1 230,820,630
EDAR 3 5 rs260694 2 109,586,313 125
rs11123719 2 109,586,371
rs11691107 2 109,586,437
LYPD6B 3 4 rs2170607 2 149,954,097 157
rs10497052 2 149,954,253
CCR2 3 4 rs4513489 3 46,352,355 30
rs6441961 3 46,352,384
LRRC2 3 4 rs6808142 3 46,556,835 114
rs17030627 3 46,556,948
DRD3 3 4 rs3732783 3 113,890,789 27
rs6280 3 113,890,815
ADH7 4 5 rs4699748 4 100,321,443 153
rs2584461 4 100,321,573
rs1442492 4 100,321,595
FAT1 3 4 rs1280100 4 187,538,133 198
rs1280099 4 187,538,330
PAPD7 3 4 rs870347 5 6,845,017 19
rs870348 5 6,845,035
TAS2R1 3 4 rs41461 5 9,619,905 32
rs41462 5 9,619,936
ATXN1 2 5 rs4565296 6 16,399,647 75
rs4431439 6 16,399,680
rs179939 6 16,399,721
ACN9 3 4 rs17168174 7 96,733,972 86
rs10246622 7 96,734,057
GATA4 3 4 rs1390950 8 11,595,829 141
rs2898295 8 11,595,969
TYRP1 3 4 rs1408800 9 12,672,275 46
rs1408801 9 12,672,320
RXRA 3 4 rs3118582 9 137,417,115 194
rs10776839 9 137,417,308
OR52S1P 3 4 rs10500616 11 5,109,946 123
rs2499936 11 5,110,068
NCAM1 3 4 rs2303377 11 113,111,501 165
rs2303378 11 113,111,665
TTC12 3 4 rs2288159 11 113,211,329 42
rs10891537 11 113,211,370
PAH 3 4 rs2133298 12 103,260,634 186
rs3817446 12 103,260,819
SUDS3 4 4 rs1503767 12 118,889,488 72
rs11068953 12 118,889,559
DLEU2 DLEU7 3 4 rs806301 13 50,887,560 166
rs2066700 13 50,887,725
C14ORF43 3 4 rs12717560 14 74,250,557 159
rs12878166 14 74,250,715
ARHGAP27 3 4 rs1059504 17 43,472,321 187
rs8327 17 43,472,507
NPEPPS 2 4 rs3760370 17 45,695,832 83
rs3760371 17 45,695,914
GNGT2 3 4 rs2233362 17 47,287,067 43
rs634370 17 47,287,109
TMEM235 3 4 rs11868709 17 73,740,166 60
rs9907137 17 73,740,225
PLIN3 3 4 rs1055919 19 4,852,137 201
rs2271057 19 4,852,337
CDH4 2 4 rs10854214 20 59,703,918 97
rs10854215 20 59,704,014
COMT 3 4 rs4818 22 19,951,207 65
rs4680 22 19,951,271
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value for ancestry inference and individual identiﬁcation. The SNP
and haplotype frequencies for the microhaps in this study are
available from the authors. They are also available in the web-
accessible ALFRED database (http://alfred.med.yale.edu) where
they can be retrieved in a search by using the key word ‘‘microhap’’.
The size (molecular extent) range of the 31 microhaps is 18 bp
to 201 bp with an average of 107.5 bp and a median value of 97 bp.
The overall levels of heterozygosity and genotype resolvability are
very good. A locus with only two alleles (e.g., a single SNP) can have
heterozygosity no greater than 0.5, while a locus with three alleles
can have heterozygosity of 0.667. In general, the maximum
heterozygosity occurs when all alleles have the same frequency.
The median heterozygosity for these 31 loci is 0.55 for the 54
populations studied and ranges from 0.40 to 0.63. 26 of the 31
microhaps have heterozygosity greater than 0.5. Heterozygosity
levels and genotype resolvability are also very good when
examined for each of the eight major geographical regions into
which the populations are grouped. The native populations of the
Paciﬁc Islands (4 populations) and the Americas (7 populations)
have the lowest (but still very good) median heterozygosities of
0.53 and 0.54, respectively.
Most of the 31 microhaps are on separate chromosomes or
separated by molecular distances (>95 Mb) at which linkage is
unlikely to exist. Eleven inter-microhap distances among syntenic
loci are smaller (up to 67 Mb, cf. Table 1) and cannot be assumed to
be segregating independently in families. However, the molecularTable 2
Distribution of the number of loci with identical genotypes for all unique pairings of
the 1780 individuals with phased haplotypes for all 31 microhaplotypes. Pairings
are presented separately for those within a population and those between two
populations. Haplotype-alleles were either known with certainty (by inspection or
calculation) or inferred by the PHASE program.
Total 54 pops 54 pops Percentage
Score Within Between All pairings
0 4 3948 0.2485%
1 38 25255 1.5903%
2 203 76491 4.8222%
3 669 151789 9.5859%
4 1637 221683 14.0414%
5 2829 255589 16.2482%
6 4148 245598 15.7030%
7 5263 202143 13.0408%
8 5636 148157 9.6699%
9 5273 98905 6.5503%
10 4319 58791 3.9681%
11 3336 33407 2.3102%
12 2259 16745 1.1949%
13 1312 7852 0.5762%
14 761 3391 0.2611%
15 442 1291 0.1090%
16 274 444 0.0451%
17 156 132 0.0181%
18 71 34 0.0066%
19 54 10 0.0040%
20 39 2 0.0026%
21 34 0 0.0021%
22 12 0 0.0008%
23 5 0 0.0003%
24 3 0 0.0002%
25 1 0 0.0001%
26 1 0 0.0001%
27 0 0 0.0000%
28 0 0 0.0000%
29 0 0 0.0000%
30 0 0 0.0000%
31 0 0 0.0000%
Total 38,779 1,551,657 100.0000%
Peak values are in boldface.extent of linkage disequilibrium (LD) varies greatly around the
genome and occasionally exceeds 100 kb. These 31 loci are
empirically independent at the population level based on the
non-signiﬁcant pairwise LD values for all inter microhap pairings
of the SNPs on the same chromosome. The overwhelming
majority of the computed LD values (for SNPs paired from
different microhaps) cluster near zero. No meaningful, non-chance
patterns were found for the very small percentage of large LD
values (r2 > 0.6) observed beyond the known bias that is
introduced when sample sizes are small (especially when fewer
than 25 individuals are sampled) [1].
Table 2 shows the distribution of genotype matches for all
unique pairings of individuals. The data are presented separately
for the pairs of individuals within the same population and the
pairs that involve individuals in different populations. The number
of loci with exactly the same genotype, irrespective of the speciﬁc
genotype, ranges from zero to 31. For the within population
comparisons the peak frequency occurs at 8 loci with identical
genotypes (out of 31 possible). For the between population
comparisons where genetic resemblance should be lower, the peak
frequency occurs at 5 genotype matches. The upper tail of the
within-population genotype match distribution is quite long as
could be expected with distant relatives included in a sample.
However, none of the pairings involved 27 or more genotype
matches. For the within-group comparison there are 56 pairs of
individuals with more identical genotypes (>20) than seen for the
between-population pairs.
Of the 34 pairs with identical genotypes at 21 loci, over half (24)
came from three Amazonian populations (Karitiana, Surui, Ticuna)
in which we know there are complex relationships because of
their small population sizes and endogamy over the generations.
Eight additional populations accounted for the remaining 10 pairs;
most were also small populations and/or samples that could easily
have included individuals with cryptic relationships. Of the 22
pairs sharing identical genotypes at 22 or more loci, 16 are
attributable to the three Amazonian populations noted above.
Three of the remaining 6 pairs are also from small and/or relatively
inbred groups where one might predict the highest genotype
match scores to occur because of cryptic relationships.
Fig. 2 plots the match probabilities and most common genotype
frequencies for the panel of 31 unlinked microhaps in each of the
54 populations studied in a format similar to that in our earlier
papers [1,2] for an IISNP panel. The 44 population samples in those
earlier papers are a subset of the 54 populations in the current
study. For the IISNP panel of 45 highly selected SNPs all the
populations had match probabilities <1015. By comparison this
panel of 31 unlinked microhaps has match probabilities <1015 for
all but 4 of the 54 populations in the current study. However, all
four of the populations with match probabilities between 1013
and 1015 are relatively small and/or inbred populations that are
not commonly encountered in forensic work in Europe and North
America. (These four populations with the higher match probabil-
ities include the Atayal from Taiwan, the Guihiba from Colombia,
and the Karitiana, and Rondonian Surui from the Amazon basin.)
This particular set of 31 loci is useful for ancestry inference as
shown by PCA. Fig. 3 illustrates the ﬁrst two dimensions from a PCA
using the haplotype frequencies for each population. The ﬁrst
principal component accounts for nearly 48% of the variance with
Native American and African (plus S.W. Asian) populations
tending to deﬁne the extremes. The second PC accounts for nearly
22% of the variance with the Paciﬁc, especially Melanesian,
populations tending to be most extreme. The third PC accounts
for 12% of the variance and places some of the Native Americans
at the opposite extreme from the samples from Papua New Guinea
(Supplemental Fig. S2). Overall, it is clear that populations that are
close geographically tend to cluster and the clusters are largely
Fig. 2. Match probabilities and most common genotype frequency in 54 populations based on 31 microhaplotypes. The populations are indicated across the bottom in an
approximate geographic order as in Supplemental Table S1.
Fig. 3. Principal components analysis based on TAU genetic distance matrix for 31 independent microhaps in 54 population samples. The ﬁrst 2 principal components account
for 69.6% of the variation among populations; the third accounts for an additional 12.3% and the plot of PC1 by PC3 is in supplemental material.
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major geographic clusters of populations supported by high
bootstrap values and intermediate positions of the Central and
South Asian populations.
Supplementary Fig. S2 related to this article can be found, in the
online version, at doi:10.1016/j.fsigen.2014.06.014.
STRUCTURE [35] (version 2.3.4) analyses were also carried out
with the individual genotypes for these independent microhaps.
We tested a range of different numbers of clusters using 20
replications each. The results at K = 5 clusters for the replicate run
with the highest likelihood was the ‘‘best’’ (Supplemental Fig. S4).
This was the highest number of clusters for which the STRUCTURE
analyses seem to distinguish clearly the individuals from most of
the major geographical regions, especially from the populations in
Africa, Southwest Asia, East Asia, the Paciﬁc Islands, and the
Americas. At higher values of K the populations of Europe, South
Central Asia and Siberia become less distinct blends, incorporating
the additional inferred clusters as partial degrees of ancestry.
Supplementary Fig. S4 related to this article can be found, in the
online version, at doi:10.1016/j.fsigen.2014.06.014.
4. Discussion
This pilot set of 31 microhaps has valuable features that are
useful for lineage identiﬁcation and commend it as a research tool
that has already been documented on many populations. The most
notable features include multiple alleles and levels of heterozy-
gosity that are higher in general than individual SNPs can achieve,
though still less than levels for the standard forensic STRPs. We
note that these are not haplotype blocks, ‘‘haploblocks’’, as
originally deﬁned by Ge et al. [36]. Their search criteria resulted
in near absolute LD with only two alleles and heterozygosity less
than 0.5 even though many SNPs extending over some much
larger distances were involved [17]. While our microhap loci meet
some of the deﬁnitions for high LD, the selection criteria do not
include LD per se but instead emphasize the existence of multiple
haplotypes and high average heterozygosity around the world
while restricting the molecular extent to 200 bp. Our study of
microhaps grew out of our earlier demonstration of mini-
haplotypes of up to 10 kb in extent [17], linguistically paralleling
the early transition in forensics from minisatellites to microsatel-
lite loci.
These loci were chosen to be comprised of multiple SNPs within
small enough segments of DNA that they could be phased by single
sequencing reads. By limiting size to the length of NGS reads, we
have identiﬁed phased loci that maximize information content in
the smallest length of DNA, highly suitable for forensic applications
where DNA is degraded. By using SNPs instead of STRPs, we have
greatly reduced the potential for analysis error which accompanies
STRP typing of degraded DNA (allele dropout, stutter peaks,
identiﬁcation of a mixture). While we are not proposing this initial
panel of 31 unlinked microhaps as a ﬁnal panel for forensic
implementation, it might ﬁnd some immediate limited applica-
tions in actual forensic work when degradation of biological
samples or other conditions do not allow the use of standard STRPs.
Another value of sequencing is that rare variants will be seen
when one occurs within a microhap. As the 1000 Genomes project
has shown, there are many rare variants seen once or only a few
times. Such a rare variant will deﬁne an essentially unique allele
that will make inference of biological relationship virtually certain,
at least based on that locus, but will not necessarily deﬁne the
nature of the relationship. Although such rare variants will be
missed when the SNPs are typed individually and phased
statistically, the low mutation rates for SNPs and nearly zero
recombination rates across these small DNA segments allow high
levels of resolvability of the microhap genotypes.At this stage of development it is not possible to compare this
panel to the CODIS markers for the ability to infer a biological
relationship because our populations have not been typed for both
sets of markers. While these microhaps are individually less good
(fewer alleles, lower heterozygosity) than the majority of the
CODIS markers, we have already identiﬁed and characterized more
loci than are included in the expanded CODIS panel. Each
multiallelic microhap is clearly more informative on relationships
than an individual di-allelic SNP [34]. The nature of kinship
statistics makes it clear that loci such as these microhaps have
relevant information [26]. When more such loci are documented, it
will be important to determine which individual loci and which
combinations of loci are better at familial identiﬁcation. In the
meantime, our analyses demonstrate the utility of the 31 unlinked
microhaps for diverse studies, both forensic and anthropological,
beyond familial inference. The PCA, tree, and STRUCTURE analyses
(Fig. 3 and Supplemental Figs. S2–S4) demonstrate that these loci
embody ancestry information, consistent with what is already
known about these populations: more highly selected sets of SNPs
and haplotype loci can deﬁne seven distinct clusters [6,12 and
unpublished].
Supplementary Fig. S3 related to this article can be found, in the
online version, at doi:10.1016/j.fsigen.2014.06.014.
Microhaps have an additional ability: qualitative identiﬁca-
tion of mixtures with the potential to quantify the components,
i.e., to disentangle mixtures in a quantitative way. If three or
more different sequences are seen at sufﬁcient numbers of reads
at a microhap locus, the three alleles constitute evidence that
DNA from more than one person was present in the sample. The
relative numbers of reads of the multiple sequences can
quantitate the relative amounts of each sequence in the sample
assuming sufﬁcient reads for meaningful statistical analysis.
With many loci multiplexed and with more loci consisting of
three SNPs deﬁning four or more haplotypes, the microhaps
become powerful markers to identify and quantify components
of mixtures. With allele (haplotype) frequencies deﬁned in
multiple populations, computer software should be able to
accurately predict the likelihood and levels of mixture based on
observing more than two sequence types at a locus and the
numbers of occurrences of each type.
Ideally, before achieving status as a ‘‘ﬁnal’’ microhap panel,
ready for all routine applications, a microhap panel must consist of
sufﬁcient appropriate loci. These 31 loci were NOT selected for
ancestry inference or for individual identiﬁcation irrespective of
ancestry in the way that our previous SNP panels were. The
STRUCTURE analyses (Supplemental Fig. S4) show that these 31
multiallelic loci are not as good as our 55 Ancestry Informative
SNPs [12] for deﬁning more than 5 groups of individuals. The
difference is expected because these microhaps were not selected
for high Fst among the populations. The selection was for high
average heterozygosity as needed for kinship/lineage inference.
Fig. 4 illustrates two different patterns of variation seen among
the 31 loci. The microhap at RXRA (Fig. 4a) has the lowest Fst of
the 31 loci and illustrates a locus with extremely low Fst globally.
This pattern is analogous to the individual identiﬁcation panels of
SNPs and would give similar levels of lineage information globally
while providing little ancestry information. In contrast, the
microhap at EDAR (Fig. 4b) has the lowest average heterozygosity
and highest Fst with obvious information on population groupings.
Because heterozygosity levels are low outside of Africa, the locus
provides little individual identiﬁcation or lineage information
outside of Africa. This diversity of heterozygosity and allele
frequency patterns among the loci and populations is reﬂected
in the match probabilities illustrated in Fig. 2. They vary
considerably among regions of the world in contrast to the
greater uniformity in our individual identiﬁcation panel [1,2].
Fig. 4. Selected population-speciﬁc microhap allele frequencies as stacked bars illustrating different global patterns of haplotype frequencies, indicated as colors. Populations
are arrayed in an approximate geographic order as in Supplemental Table S1. (a) The microhap frequencies at RXRA illustrate a locus with low Fst most suitable for individual
or lineage identiﬁcation irrespective of population. The haplotypes are deﬁned by the nucleotide alleles at rs3118582 and rs10776839. (b) The microhap frequencies at EDAR
illustrate a locus with high Fst most suitable for ancestry inference. The ﬁve observed haplotypes (of eight possible) are deﬁned by the nucleotide alleles at rs260694,
rs11123719, and rs11691107.
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has been compared to the use of STR polymorphisms [37,38]. In
general, with the number of SNP loci those studies have considered,
di-allelic SNPs do not resolve all possible ambiguities. While clearly
the multiallelic microhaps will be better, per locus, than the di-allelic
SNPs, it is not clear what the optimal number of microhap loci will
be. The answers will depend on the population-speciﬁc number of
alleles and level of heterozygosity of each microhap in the panel
used. Since we expect more and better microhaps will be identiﬁed
in the near future, and we are not advocating the present set as
optimal, such important statistical questions are better addressed
when a better set of loci has been documented.
Because large numbers of loci can be multiplexed with the
current sequencing technology, many more loci will be added to
any ﬁnal panel. As new microhaps are identiﬁed and added to the
panel it would be possible to tune the panel toward individual
identiﬁcation or ancestry, but with enough microhaps that may be
moot. The results for these 31 loci suggest that a large enough
panel containing this range of locus patterns may provide good
ancestry information and sufﬁciently low match probabilities
globally that the variation among populations becomes irrelevant.
Microhap loci with three or four SNPs can have higher
heterozygosity and identifying and adding such loci may provide
sufﬁcient information to meet all purposes: lineage/kinship as well
as individual identiﬁcation and ancestry.
It is also desirable to have other research groups replicate the
results reported here on additional samples from the sample
populations as well as validate results on new populations.
Since the 54 populations studied already cover much of the world
and many of the as yet unstudied populations share similar genetic
and demographic histories, it is reasonable to expect that most new
populations studied will also be found to have excellent hetero-
zygosities and genotype resolvabilities. In order to make the panel
more generally useful it might also be desirable to ﬁnd some
additional unlinked microhaps that might have enhanced hetero-
zygosities for Native American and Paciﬁc Island populations.
Fine tuning the panel might also be desirable by replacing some of
the loci in the current panel with loci that are found to have more
alleles and better average heterozygosities worldwide and also in
particular geographical regions. Microhaps comprised of three SNPs
are likely to be signiﬁcantly better than those based on only two SNPs
as are the majority of the loci in this initial panel. We have already
identiﬁed several additional three-SNP and four-SNP loci with four or
more alleles and are now working to collect the population data.
The high throughput methods now available with the
appropriate read lengths for these microhaps have enormous
capacity. Additional microhaps are clearly needed and can easily
be accommodated. Also, since the phenotype informative SNPs
may never fall into microhaps, it will be easy to accommodate a
large number of individual SNPs in addition. Similarly, if better
individual resolution or ancestry inference are desired, adding
some of the SNPs from already published individual identiﬁcation
panels [2,3] or ancestry inference panels [3,4,7,12] could improve
those aspects in an individual analysis.
Carefully selected and documented SNP panels have the
potential to become the major forensic tools because of their
statistical power and low cost. The availability of inexpensive
methods (see reviews [39,40]) for detecting SNPs and for
sequencing will make carefully selected SNP-based panels an
increasingly attractive alternative to STRPs in forensic applications
such as individual identiﬁcation, lineage inference, ancestry
ascertainment, and phenotype inference. SNP panels can
provide more information and greater accuracy than the current
CODIS panels for all forensic applications. Incorporating well
characterized SNP panels into national databases would help
foster the acceptance of SNP-based tools in the courts.5. Conclusion
The aim of this project was to accumulate sufﬁcient evidence to
validate the feasibility and utility of microhaps for forensic work
especially for distinguishing familial lineages. The 31 independent
microhaps have multiple alleles and high levels of heterozygosity in
the 54 population samples from around the world that we have
studied. These loci have a better ability to infer relationships on a per
locus basis than any single SNP. Several of the loci also show
sufﬁcient allele frequency variation that collectively the panel
provides clear distinction of world populations into ﬁve distinct
groups. Although designed as optimal markers for genotyping by
sequencing, these microhaps also have high levels of genotype
resolvability when the SNPs are typed separately. As noted
previously [17] these microhaps have the evolutionary stability
that allows haplotypes to be equated with alleles basically identical
by descent in broader studies. Together, these aspects of the panel
provide substantial support for the validity of this approach. A bonus
feature of the microhaplotype loci when genotyped by sequencing is
that mixtures can be detected qualitatively when three or more
alleles are detected at a locus and potentially quantiﬁed by the
different numbers of reads for each allele. The match probabilities
achieved by this pilot panel of 31 unlinked microhaps are already
comparable to or better than the current 13 CODIS STRPs and they
compare favorably to the panel of 45 unlinked IISNPs that we
reported in an earlier study [1,2], at least for all the large major
populations studied, including those routinely encountered in
forensic labs in the U.S. and Europe. The panel also demonstrates
distinct patterns of microhap frequencies for populations deriving
from the major geographical regions of the world thereby helping
when forensic applications deal with ancestry inference. Further
development of microhaplotype loci should deﬁnitely be pursued.
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